The recessive mutations auxl and axrl of Arabidopsis confer resistance to the plant hormone auxin. The axrl mutants display a variety of morphological defects. In contrast, the only morphological defect observed in auxl mutants is a loss of root gravitropism. To learn more about the function of these genes in auxin response, the expression of the auxin-regulated gene SAUR-ACI in mutant and wild-type plants has been examined. It has been found that axrl plants display a pronounced deficiency in auxin-induced accumulation of SAUR-AC1 mRNA in seedlings as well as rosette leaves and mature roots. In contrast, the auxl mutation has a modest effect on auxin induction of SAUR-AC1. To determine if the AUXI and AXR1 genes interact to facilitate auxin response, plants which are homozygous for both auxl and axrl mutations have been constructed and characterized. The two mutations are addItive in their effects on auxin response, suggesting that each mutation confers resistance by a different mechanism. However, the morphology of double mutant plants indicates that there is an interaction between the AXR1 and AUX1 genes. In mature plants, the auxl-7 mutation acts to partially suppress the morphological defects conferred by the axr1-12 mutation. This suppression is not accompanied by an increase in auxin response, as measured by SAUR-AC1 expression, suggesting that the interaction between the AUX1 and AXRI genes is indirect.
Introduction
Physiological studies conducted in a variety of plant species indicate that the plant hormone auxin is involved in virtually every aspect of plant growth and development from embryogenesis to senescence (Evans, 1984; Leopold and Nooden, 1984) . At the level of the cell, auxin appears to act in a number of different ways. In elongating tissues such as stem or coleoptile, auxin will rapidly stimulate cell Received 1 April 1995; revised 13 July 1995; accepted 19 July 1995. *For correspondence (fax + 1 812 855 6705). tPresent address: Institute of Molecular Biology, University of Oregon. Eugene, OR 97403-1229, USA.
elongation (Brummell and Hall, 1987; Cleland, 1988) while in tissue culture cells, auxin is required for cell division (Evans, 1984) . Other experiments suggest that auxin is also required for differentiation of vascular tissue (Aloni, 1988) . The mechanism of auxin action is not clear for any of these processes. Auxin-stimulated cell elongation is associated with rapid changes in the expression of specific genes (Key, 1989) and the rapid stimulation of proton efflux across the plasma membrane (Cleland, 1988) . Several lines of evidence suggest that both of these responses are important for auxin action (Barbier-Brygoo et al., 1989; Li et a1.,1991) . However, the function of the auxin-regulated genes is unknown and the significance of auxin-stimulated proton efflux is unclear.
In an effort to further understand the function of auxin in plant development, several groups have isolated mutants which are resistant to the effects of exogenous auxin (Hobble and Estelle, 1994; Klee and Estelle, 1991) . Auxinresistant mutants have been identified in tomato (Kelly and Bradford, 1986) , Nicotiana plumbaginifolia (Bitoun eta/., 1990; Blonstein eta/., 1991b) and Arabidopsis thaliana (Hobble and Estelle, 1995; Lincoln et al., 1990; Maher and Martindale,1980; Wilson et al., 1990) . In addition, auxinsensitive mutants have been isolated in N. plumbaginifolia (De Souza and King, 1991) . Phenotypic characterization of these mutants has provided support for a role for auxin in stem elongation, gravitropic response of both shoot and root, vascular development, the growth of axillary meristems, and formation of lateral roots (Hobble and Estelle, 1995; Kelly and Bradford, 1986; Lincoln et al., 1990; Pickett et al., 1990; Timpte et al., 1994) .
Recessive mutations in both the AXR1 and AUX1 genes of Arabidopsis confer resistance to the naturally occurring auxin indoleacetic acid (IAA) and the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D) (Lincoln et al., 1990; Maher and Martindale, 1980; Pickett et al., 1990) . However, the phenotypes of axrl and auxl mutants are dramatically different. The axrl mutants have an extremely pleiotropic morphological phenotype, with defects in leaf, flower and vascular development, stem and hypocotyl elongation, formation of lateral roots, and root gravitropism (Hobble and Estelle, 1995; Lincoln et al., 1990) . This pleiotropic phenotype suggests that the AXR1 gene product is required for normal development of most tissues in the plant. In contrast, the only effects of auxl mutations are a severe reduction in root gravitropism and a modest reduction in lateral root formation (Hobble and Estella, 1995; Maher and Martindale, 1980; Pickett et al., 1990) . Based on the initial characterization of the auxl mutants, Pickett et al. (1990) proposed that the AUX1 gene encodes a protein specifically required for hormonal regulation of root gravitropism.
Recent studies involving high-resolution measurements of root growth have provided additional insight into the function of these two genes. Both mutants have altered responses to extremely low levels of IAA, indicating that resistance is not confined to non-physiological concentrations of auxin that may be eliciting general stress responses (Evans et al., 1994) . The axrl mutants displayed reduced IAA response at concentrations that stimulate root growth (10 -11 M IAA) as well as levels that inhibit root growth (>10 -1° M IAA) (Evans et al., 1994) . Furthermore, these studies showed that the kinetics of response were identical between the wild-type and the axrl mutants indicating that decreased response in the mutant is not due to decreased IAA uptake. In contrast, the auxl mutant responds to auxin with a lag time approximately twice that of wild-type. One explanation for this result is that the auxl mutant is deficient in auxin uptake, although this deficiency may not be sufficient to explain the high level of auxin resistance (Evans et al., 1994) .
To learn more about the functions of the AUX1 and AXR1 gene products, we have examined expression of the auxinregulated gene SAUR-AC1 (Gil et al., 1994) in wild-type and mutant plants. Our results indicate that the AXR1 gene is essential for this early auxin response. We also confirm previous studies by Gil et al. (1994) that demonstrated a modest reduction in auxin induction of the SAUR-AClgene in auxl seedlings and extend their studies to other plant tissues. To determine if the two genes function in the same pathway we have constructed and characterized double mutant plants. Our analysis suggests that the auxl and axrl mutations confer auxin resistance by different mechanisms. However, the visible phenotypes of double mutant plants suggest that these two genes interact during plant development. We conclude from our studies that the AUX1 and AXR1 genes function in distinct but interacting aspects of auxin action. auxl-7, axrl-3, axrl-12, axrl-3 auxl-7 and axrl-12 auxl-7 plants were depleted of auxin and treated with 0 or 50 I~M 2,4-D. Blots were performed as in (a).
Results

SAUR-AC1
axr1-12 mutation is a strong allele and has a dramatic effect on plant morphology (Lincoln et al., 1990) . Roots from mature wild-type and mutant plants were collected and incubated in buffer to deplete endogenous auxin. RNA was extracted and analyzed on RNA blots. For each experiment, equal RNA loading was confirmed by probing with a rDNA probe. SAUR-AC1 transcripts were not detected in RNA prepared from auxin-depleted roots of (McClure and Guilfoyle, 1987) . Since both the axrl and auxl mutants are resistant to cytokinin in a root growth assay (see below), we decided to determine the effects of cytokinin on SAUR-AClexpression in wild-type and mutant Arabidopsis. In wild-type rosette leaves treated for I h with 50 t~M isopentenyl adenosine or 50 pM 6-benzylaminopurine, SAUR-AC1 transcript accumulated to a level approximately 20% that observed with 2,4-D (data not shown). Cytokinin treatment of either axr1-12 or auxl-7 leaves resulted in a similar level of induction indicating that neither mutation affects this response (data not shown).
Characterization ofaxrl auxl double mutants
The results of the SAUR-induction experiments suggest that the AXR1 protein functions at an early step in auxin response. The AUX1 protein is also involved in this rapid auxin response, but may play a less important role. To determine if the two genes interact to mediate auxin response, we constructed double mutant plants which were homozygous for auxl-7 and either the axrl-3 or axrl-12 mutations.
Root-growth inhibition
The effects of auxin on root growth were determined for each mutant and double mutant combination. Since many hormone mutants display cross-resistance to several plant hormones, we also examined the response of roots to ethylene and cytokinin (Hobbie and Estelle, 1994) . The results of our analysis for the synthetic auxin 2,4-D are shown in Figure 2 . These results show that auxl-7 and axrl-3 roots have a similar level of 2,4-D resistance while axr1-12 roots are more resistant. The axrl-3 auxl-7 and axrl-12 auxl-7 double mutants are both more resistant than either single mutant.
The ethylene response was examined in wild-type, axrl-3 and axr1-12 plants by treating seedlings with 10 pl 1-1 ethylene ( Figure 3 ). This concentration produces the maximal inhibition in the wild-type as well as in each of the mutant lines (data not shown). Both axrl mutants are slightly resistant to ethylene, although the levels of resistance are much less than that previously described for auxl-7 plants . Ethylene response in the two double mutant combinations was also measured. the same percent inhibition of root growth as auxl-7. However, the roots of axr1-12 auxl-7 seedlings are slightly more resistant to ethylene than auxl-7 roots. The effects of the cytokinin benzyladenine (BA) on root growth were also examined. The results shown in Figure 4 indicate that both the axrl mutants as well as the auxl-7 mutant are resistant to BA. Additionally, both double mutant combinations are more resistant to BA than either single mutant.
Aerial morphology
The morphology of axrl-3, axr1-12 and auxl-7 plants has been described previously (Lincoln et al., 1990; Maher and Martindale, 1980; Pickett et al., 1990) . The axrl mutants are characterized by a reduction in stature and wrinkled, irregularly shaped leaves (Figures 5 and 6 ). The axr1-12 mutant is much more severely affected than axrl-3 plants. The auxl-7 mutant has no morphological abnormalities except a loss of root gravitropism. The appearance of axrl-3 auxl-7 double mutant plants is similar to axrl-3 plants in all aspects except for loss of root gravitropism which reflects the auxl phenotype ( Figure 5 ). The rosettes of the double mutant exhibit leaf-shape irregularities as in axrl-3 rosettes and mature double mutant plants are also similar to axrl-3 plants. In contrast, the phenotype of the axrl-12 auxl-7 double mutant is clearly less severe than that of axr1-12 plants. The double mutant rosettes are larger than axrl-12 rosettes and the leaves are less wrinkled ( Figure 6 ). Similarly, stems of the double mutant are much taller than axrl-12 stems and display less lateral branching. In general, axrl-~2 auxl-7 plants closely resemble the less severely affected axrl-3 mutants except for root gravitropism. These results indicate that the auxl-7 mutation acts to partially suppress the morphological defects caused by the axrl-12 mutation.
Root morphology
Root elongation, gravitropism and lateral root formation are all believed to be regulated by auxin and previous studies have indicated that each of these processes is affected in the axrl and auxl mutants (Hobble and Estelle, 1995; Lincoln et aL, 1990; Pickett et aL, 1990) . The rate of root growth was also determined by a series of measurements over several days. Both axrl and auxl mutant roots elongate more rapidly than wild-type roots (data not shown). The axr1-12 mutant elongates most rapidly, and all mutants elongated faster and longer than wild-type. The growth rate of the double mutants coincides with roots was not statistically different from that of auxl-7 roots (data not shown).
Lateral root formation of ten day old seedlings was examined. Both axrl alleles have fewer lateral roots than wild-type seedlings (Figure 8) . Similarly, auxl-7 seedlings have fewer lateral roots, but more than that of axrl seedlings. The double mutants have reduced numbers of lateral roots, similar to axrl-12 roots. These results indicate that the auxl-7 mutation does not suppress the effects of the axrl mutation on lateral root formation. Furthermore, in the case of the axrl-3 auxl-7 mutant, auxl-7 appears to have an additive effect since the root number more closely approximates that of axrl-12 mutant plants. that of axrl-3 and auxl-7. This result suggests that the combination of auxl-7 and axrl does not have an additive effect on root elongation.
The gravitropic response of wild-type, axrl-12, auxl-7, and axrl-12 auxl-7 roots was determined by orienting seedlings 135 ° from vertical/down and measuring the amount of reorientation after 48 h. The results were plotted on a circular histogram (Figure 7 ). Using this assay, the behavior of wild-type and axrl-12 roots was identical (Figure 7a ). In contrast, the response of auxl-7 roots was clearly altered (Figure 7b ). In addition, the gravitropic response of axr1-12 auxl-7 plants was more severely affected than that of auxl-7 plants. This difference between auxl-7 and axrl-12 auxl-7 roots was statistically significant using the Wilcoxon-Mann-Whitney test (Siegal and Castellan, 1988 ) (P > 0.05). The behavior of axrl-3 auxl-7
SAUR-AC1 expression in double mutant plants
It is possible that the auxl-7 mutation ameliorates the axr1-12 phenotype by increasing the level of auxin response in the aerial portion of the plant relative to axrl-12 alone. To determine if this is the case, we examined auxin-induced accumulation of SAUR-AC1 transcripts in the double mutants, axrl-3 auxl-7 and axrl-12 auxl-7o In the absence of endogenous auxin, neither line had detectable levels of SAUR-AC1 RNA (Figure lb) . In rosette leaves, the axrl-3 auxl-7 mutant accumulated transcripts to a level similar to that of the axrl-3 plant. The level of SAUR-ACltranscript in the axr1-12 auxl-7 mutant is similar to that in the axr1-12 mutant suggesting that auxl-7 does not increase the level of auxin response in the rosette leaves. Densitometry indicated that signal in the axrl-3 auxl-7 lane was approximately 10% higher than the signal in the axrl-3 lane. We were not able to determine if this small difference was significant using RNA blots.
Discussion
In this study we show that recessive mutations in the AXR1 gene dramatically reduce auxin-induced accumulation of SAUR-AC1 mRNA in seedlings, rosette leaves, roots, and inflorescences. Our results indicate that the AXR1 protein is required for rapid auxin-mediated changes in gene expression in most organs of the plant. Other studies have shown that axrl mutants are also deficient in expression of the IAA1 and IAA2 auxin-regulated genes (Abel et al., 1994; Abel and Theologis, personal communication) indicating that this mutant has a general defect in auxinregulated gene expression. Although other explanations are possible, these results are most easily explained if the AXRI gene functions in auxin response and not auxin uptake or metabolism. This view is supported by recent studies with the Agrobacterium tumefaciens IAAM gene. Arabidopsis plants that carry this gene have increased IAA levels and display characteristic changes in morphology. The axrl-3 mutation suppresses these defects but does not reduce the high endogenous IAA levels (Romano et al., 1995) . In fact, the axrl-3 mutation alone resulted in elevated levels of free IAA, again confirming that auxin resistance is not due to increased metabolism of exogenous hormone (Romano et al., 1995) .
The auxl-7 mutant is also deficient in auxin-induced SAUR-AC1 mRNA accumulation, although to a much lesser extent than either axrl-12, or the dominant auxin-resistant mutant axr2-1 (Timpte et al., 1994) . This was first shown by Gil et al. (1994) for young seedlings and confirmed here in rosette leaves and roots. The relatively modest effect of auxl-7 on SAUR-ACI expression may indicate that the AUX1 protein does not have a direct role in auxin-regulated gene expression. Alternatively, AUX1 may mediate this response, but only in a subset of auxin-responsive cells. For example, AUX1 may function only in cells that are responding to a gravity stimulus. It is also possible that the AUX1 gene is a member of a family of partially redundant genes and mutation in one member of the family has only a modest effect on this response.
Several auxin-resistant mutants isolated in Arabidopsis and N. plumbaginifolia display cross-resistance to at least one additional plant hormone (Hobbie and Estelle, 1994; Klee and Estelle, 1991) . For example, in Arabidopsis, the auxl mutant is resistant to auxin and ethylene , while the axr2 mutant is resistant to auxin, ethylene, and abscisic acid . In this study we show that the axrl mutants are slightly resistant to ethylene and that both the axrl and auxl mutants are resistant to cytokinin. A number of explanations for hormone cross-resistance have been proposed (Blonstein et al., 1991a; Klee and Estelle, 1991; Pickett et al., 1990; Wilsonet al., 1990) . it is possible that the wild-type products of the AUX1 and AXR1 genes function in the transduction of several hormone signals. Alternatively, cross-resistance Figure 8 . Number of lateral roots on wild-type and mutant plants. Lateral roots were counted on 10-day-old seedlings grown on vertically oriented plates. Measurements were on 10 seedlings of each genotype, error bars indicate the standard error.
could be due to a physiological interaction between two hormones. For example, ethylene has been shown to inhibit auxin transport in both shoots and roots. Thus, it is possible that ethylene inhibition of elongation may be due in part to accumulation of auxin. If this were true, ethylene resistance in the axrl and auxl mutants may be an indirect effect of auxin resistance. Similarly, cytokinin resistance may be an indirect effect of ethylene resistance. Recent studies have shown that cytokinin inhibition of root growth is reduced in the presence of inhibitors of ethylene biosynthesis, suggesting that cytokinin inhibition is due, in part, to cytokinin-induced ethylene biosynthesis (Roman and Ecker, personal communiction).
The phenotypes of the axrl and auxl mutants suggest that the wild-type gene products do not function in a single linear pathway. Mutations in each gene have a similar effect on auxin inhibition of root growth, but produce very different defects in morphology. In addition, the auxl mutants are much more resistant to ethylene than the axrl mutants. Physiological characterization of the axrl auxl double mutants is also consistent with two separate pathways. Both axrl-3 auxl-7 and axrl-12 auxl-7 plants are more resistant to auxin and cytokinin then either single mutant and axr1-12 auxl-7 plants are more resistant to ethylene than the auxl-7 mutant. However, it is important to note that none of the mutations used in this study are known to be null alleles. Thus, it is possible that increased resistance in the double mutant is a consequence of interaction between two leaky mutations, and that the AUX1 and AXR1 genes function in the same process. We chose the axrl-12 and auxl-7 alleles for this analysis because they are among the most severely affected of the alleles we have recovered.
In general, the visible phenotype of the double mutants is additive, again suggesting that the two genes do not function in a single pathway. Both axrl-3 auxl-7 and axrl-12 auxl-7 plants have rosette and inflorescence morphologies characteristic of axrl plants while the roots of double mutant plants are similar to those of auxl-7 plants. In axrl-12 auxl-7 plants, the gravitropic defect is slightly more severe than in auxl-7 plants indicating that the two mutations have an additive effect on gravitropism. The two mutations also have an additive effect on lateral root formation, with axrl-3 auxl-7 plants appearing more similar to axr1-12 plants. However, some aspects of the double mutant phenotypes indicate that the two genes are not completely independent in their action. The visible phenotype of axr1-12 auxl-7 plants is much less extreme than that of axrl-12 plants indicating that the auxl-7 mutation partially suppresses the severe axrl-12 allele in the rosette and inflorescence. Phenotypic characterization of the auxl mutants indicates that the AUX1 gene is not required for normal development of the rosette and inflorescence . The results described here do not contradict this conclusion, but do indicate that the auxl-7 mutation has a subtle effect on aerial parts of the plant.
The precise nature of the interaction between the AUX1 and AXRI genes in the rosette and inflorescence cannot be deduced from these studies. It is possible that the loss of AUXI function results in an increase in either auxin response or auxin levels in these tissues. Our experiments show that the aerial portions of auxl plants have a reduced auxin response, at least with respect to SAUR-AC1 expression. However, since a dose-response analysis was not performed, it is possible that auxl-7 tissues have an increased response relative to wild-type at lower auxin concentrations. IAA levels in auxl-7 or double mutant plants have not been determined.
Our analysis of the axrl and auxl mutations suggest that the respective wild-type genes function in separate but interacting pathways. The AXR1 gene has been cloned and shown to encode a protein related to the ubiquitinactivating enzyme E1 (Leyser at al., 1993) . However, the AXR1 and E1 proteins are significantly diverged and the function of AXR1 in auxin response is unknown. Recently, the AUX1 gene has also been cloned by T-DNA tagging (Bennett, personal communication). We expect that the basis for the genetic interactions described here will become apparent as we learn more about the biochemical functions of the AXR1 and AUX1 proteins.
Experimental procedures
Plant materials and growth conditions
Arabidopsis plants were grown under constant fluorescent illumination (80-150 ~Em -2 sec -1) at 21°-23°C. The soilless, peat-lite mixture Metro-Mix TM was used for growing plants in 11 or 13 cm clay pots. A mineral nutrient solution containing 5 mM KNO3, 2.5 mM KPO4 (adjusted to pH 5.5), 2 mM MgSO4, 2 mM Ca(NO3)2, 10 mM NaCI, 50 ltM Fe-EDTA, 70 I~M H3BO3, 14 I~M MnCI2, 0.5 ~M CuSO4, 1 p,M ZnSO4, 0.2 I~M Na2MoO4, 0.01 IIM COCI2 was supplied to plants during the first 3 weeks of growth.
Plants were also grown axenically on an agar medium in petri plates. Seeds were first surface sterilized by agitation in a 30% v/v bleach (5.25% sodium hypochlorite) and 0.01% Triton X-100 solution for 15-20 rain followed by several rinses in sterile water. The surface-sterilized seeds were dispersed on the surface of a medium consisting of the nutrient solution described above supplemented with 7 g 1-1 agar and 10 g 1-1 sucrose (minimal medium). When necessary, hormones were added to the medium after autoclaving. Sterile plants were grown at 20~23°C with a 16 h photoperiod at a light intensity of 50 to 60 i~Em -2 sec -1. To enhance germination, seeds on plates or in pots were first placed in the dark at 4°C for 3-4 days.
For the SAUR-ACl analysis, approximately 2000 seeds (20 mg) were used for each experimental point, and were dispersed in 0.3% agar drops on 3 plates of minimal media. Seedlings were grown for 7 days in the dark at 22°C. Tissue (1 g) was incubated at 30°C for a total of 4 h in 50 ml KPSC (10 mM KHPO4 pH 6, 2% sucrose (w~) and 50 ~tg m1-1 chloramphenicol) with medium changes after 1 and 2 h. Auxin treatment was initiated by transferring tissue into KPSC containing 50 I~M 2,4-D for 1 h at 30°C. Tissue was collected and frozen at -70°C. Rosette leaves were collected from 3-week-old plants, chopped into 2-4 mm pieces and incubated in KPSC as above. Mature roots were harvested from month-old plants grown in sand by excising the rosettes, inverting the pot and immersing the root mass in water and rinsing until clean. Roots were then cut and incubated in KPSC and treated with auxin.
All auxin-resistant mutant lines described in this study were derived from the Columbia ecotype. Unless stated otherwise, all mutant lines used for morphological and physiological analysis were backcrossed at least twice to wild-type Columbia strains.
RNA blot analysis
RNA was prepared using guanidine isothiocyanate as described (Newman et al., 1993; Puissant and Houdebine, 1990 ) with the following modifications. Frozen tissue (<1 g) was ground with mortar and pestle in liquid nitrogen. The powder was extracted with 5 ml 4 M guanidine isothiocyanate, 25 mM sodium citrate" pH 7, 1% N-laroyl sarkosine and 0.1 M mercaptoethanol and incubated on ice for 20 min. After the addition of 0.5 ml sodium acetate pH 4, 5 ml phenol and 1 ml chloroform were added and the sample shaken for 2 min. The aqueous phase was collected and RNA precipitated with 8 ml isopropanol. The resulting pellet was dispersed in 0.5 ml 4 M LiCI, collected by centrifugation, and resuspended in 0.5 ml 10 mM Tris pH 8, 0.5 mM EDTA and 0.5% SDS. After phenohchloroform (1:1) extraction, followed by chloroform extraction, RNA was precipitated by the addition of 50 Id 3 M sodium acetate pH 5 and 1 ml ethanol. The resulting pellet was solubilized in 100 Id sterile water. The ratio of absorbance at 260 and 280 nm was approximately 2. Typical yield for etiolated seedlings was 60-80 ltg of total RNA, for rosettes 500-1000 Ilg.
Total RNA (20-50 pg) was denatured with formaldehyde and separated in a 1% agarose gel containing formaldehyde (Sambrook eta/., 1989) . The use of total RNA allowed normalization by comparison of ribosomal RNA levels, since an actin gene initially used for normalization was found to be affected by auxin treatment. RNA was transferred to nylon membrane (Hybond-N, Amersham) by capillary action in 20x SSC and baked for 2 h at 80°C. Membranes probed with SAUR-AC1 were prehybridized in 30% formamide, 5x SSCP, 5x Denhardt's, 0.1% SDS, and 0.02 mg m1-1 denatured salmon sperm DNA at 52°C. Hybridizations were carried out in 30% formamide, 5× SSCP, 10x Denhardt's, 0.1 mg m1-1 salmon sperm DNA and 10% dextran sulfate at 52°C for 16 h. Filters were washed in 2x SSC, 1% SDS for 20 min at room temperature, then in 0.5xSSC, 1% SDS for 20 min at 65°C. Membranes probed with pRE12 were prehybridized in the same solution as above except in 50% formamide, and hybridized in 50% formamide, 5× SSCP, lx Denhardt's, 0.1% SDS and 0.02 mg m1-1 denatured salmon sperm DNA at 42°C for 16 h. The SAUR-AC1 probe was as described by Gil et al. (1994) and covered the entire coding region from +56 to +356 (relative to the transcription start site at +1). It was labeled with 32p using the random prime method (Feinberg and Vogelstein, 1983) . For normalizations, plasmid pRE12 (Delseny et al., 1983) carrying the 18S rRNA gene, was prepared by cleaving with BamHI and Xhol, excising the 1.7 kb fragment corresponding to the 18S rDNA fragment, and labeling as above. Autoradiograms were made on Fugi RX medical X-ray film. Densitometry of resulting autoradiograms was conducted with a Molecular Dynamics Computing densitometer. Equal loading of RNA was checked by staining with ethidium bromide. Additionally, all blots were quantitated by probing with the 18s rDNA probe and normalized.
Auxin, ethylene and cytokinin response in the root
Surface-sterilized wild-type and mutant seeds were distributed on the surface of minimal medium. Petri plates were placed in an incubator in a vertical position. After 5 days, 10 seedlings per treatment were transferred to new plates supplemented with various concentrations of 2,4-D or BA. All seedlings were positioned so that their root tips were aligned on a line drawn along the diameter of the petri plate bottom. After 3 days, the amount of new root growth was measured and the percent root growth inhibition was calculated relative to root growth on minimal medium minus hormone. The light and temperature conditions were those described for axenically grown plants. To measure ethylene response, 5-day-old seedlings were transferred to minimal medium in 60 × 15 mm plates which were oriented vertically in air-tight jars containing different levels of ethylene. Ethylene levels within the jars were measured daily by gas chromatography (Kende and Hanson, 1976) . After 3 days of ethylene treatment, new root growth was measured and the percent root growth inhibition calculated as described above. For each hormone tested, the root growth assay was repeated at least twice.
Generation ofaxrl auxl double homozygotes
Differences in ethylene resistance, root gravitropism and plant morphology between axrl and auxl plants were used as the basis for identification of axrl auxl double homozygotes. A plant which was homozygous for the auxl-7 mutation was crossed to plants homozygous for either the axrl-3 or the axr1-12 mutation. The F 1 plants were allowed to self and the F 2 seed was collected. An F 2 plant which was homozygous for both auxl and axrlwas identified by examining plant morphology as well as auxin and ethylene response. The genotype of double mutant plants was confirmed by outcrossing to both auxl and axrl plants and scoring progeny for either the axrl or auxl phenotype.
Measurement of gravitropic response
Surface-sterilized seed were placed on minimal medium in 10 cm square culture dishes. After 7 days, seedling roots were straightened and the plate was turned such that both the root tip and the plant axis were oriented 135 ° from vertical/down. Four days later shadow prints of seedlings were prepared by placing the plate into the negative holder of a photographic enlarger, projecting the image on to Kodabromide TM photographic paper, and developing the image according to the manufacturer's instructions. Root reorientation was determined from the shadow prints. The data were plotted on circular histograms and statistical analysis performed using the Wilcoxon-Mann-Whitney test (Siegal and Castellan, 1988) .
Measurement of root elongation and lateral roots
Seedlings were transferred on to a line drawn on 150 mm petri plates containing nutrient agar as above. Plates were incubated vertically in a growth chamber. Roots were straightened and measured every 12 h for 120 h. Seedlings were grown on similar plates and incubated vertically for 10 or 14 days. Lateral roots were then counted. For both experiments, measurements were made on 10 plants for each time point and averaged.
